Introduction
============

Surface structure and related chemistry understanding are vital elements in the design of highly biocompatible materials, since adsorption and adhesion of biological components are involved. These features are even more important in the case of nanostructured materials such as carbon nanotube (CNT) fibers.

The necessity of searching for biocompatible materials that are capable of mimicking the natural extracellular matrix (ECM) and allowing the regeneration of tissues motivated interdisciplinary research on tissue engineering. However, this kind of search isn't new: the Incas used scaffolds made of gold and silver in cranioplasty.[@b1-ijn-7-4511]

The natural ECM is composed of collagen, proteoglycans, adhesion proteins, and signaling molecules; therefore, a desirable synthetic ECM should resemble as much as possible the natural ECM in order to replace damaged tissue or enable tissue regeneration by providing ideal conditions capable of directing cell behavior identical or as close as possible to natural tissue before injury.

Tissue regeneration occurs due to a series of events conditioned to each other and coordinated by biochemical and biophysical signals involving ECM and the tissue cells.[@b2-ijn-7-4511] That is why synthetic, semisynthetic, and natural materials have been tested as organic cell holders capable of not only promoting in an accurate way these signs but also providing a three-dimensional environment, spatially and temporally appropriated for such events to occur; more specifically, an environment capable of inducing correct cellular adhesion and migration, as well as regulating the rate of proliferation, cell growth, and function. For this reason, cell-adhesion mechanisms on CNT monolayer, with an aim to designing a novel cell therapeutic device, have been the object of research.[@b3-ijn-7-4511]

However, despite all the challenges faced since the emergence of tissue engineering, researchers have made great improvements in the area contributing to the development of therapeutic applications. This review aims to revisit topics on nanomaterials and tissue engineering, from the beginnings to future prospects.

A brief history of tissue engineering
=====================================

It is considered that the history of tissue engineering starts with Hooke in 1665, when he created the term "cell" and published it in his book *Micrographia.*[@b4-ijn-7-4511] Three years later dates the first evidence of successful study in tissue engineering when grafts were used to repair bones in Amsterdam;[@b5-ijn-7-4511] however, only 225 years later the concept of "scaffold" was elaborated by Barth:[@b6-ijn-7-4511] a porous matrix in which cells can infiltrate to regenerate the injured tissue. Nowadays, this concept has been reformulated to aggregate the idea that a scaffold should be able to determinate the fate of cells, guiding them to promote tissue regeneration.[@b7-ijn-7-4511]

The cell theory emerged between 1838 and 1839, based on microscopic findings of Schleiden[@b8-ijn-7-4511] and Schwann.[@b9-ijn-7-4511] But only 20 years later, in 1858, Virchow[@b10-ijn-7-4511] presented the idea that tissue regeneration is dependent on cell proliferation. So was established the relationship between cell proliferation and tissue regeneration.

In 1897, Loeb[@b11-ijn-7-4511] envisaged the growth of human cells outside the body, and in 1907 Harrison[@b12-ijn-7-4511] was able to promote the growth of frog ectodermal cells in vitro.

In the 1960s, scientists began to achieve success by using metals for the production of inert implants in bone grafting.[@b13-ijn-7-4511] In the past 70 years, ceramics and various polymers have also begun to be used.[@b14-ijn-7-4511]

In 1987, during a National Science Foundation meeting, the term "tissue engineering" was introduced. Tissue engineering was defined as being the application of methods and principles of engineering in life sciences by delimiting a field of multidisciplinary research aimed to develop efficient biological substitutes capable of restoring and/or optimizing normal tissue function.[@b15-ijn-7-4511]

In 1998, with the development of stem cell lines, these cells have become the foundation of modern tissue engineering.[@b16-ijn-7-4511] But before the development of stem cell lines, another important innovation revolutionized tissue engineering: the carbon nanotubes (CNTs).[@b17-ijn-7-4511] This class of materials, discovered in 1991 by Sumio Iijima, caused a revolution in the production of biomaterials for tissue regeneration, particularly bone tissue. These CNTs, combined with collagen as biomaterial, are being studied in an attempt to develop nanocomposites to optimize tissue regeneration.

Overview of tissue engineering
==============================

Four components are considered essential for tissue engineering: the ECM, cells, the cytokines on an adequate medium, and a bioreactor.[@b18-ijn-7-4511] The scaffold or matrix (ECM) is embedded with living cells in the presence of cytokines able to regulate cell proliferation and differentiation. Then these components are placed into bioreactors that promote ideal conditions for multiplication and for the desirable arrangement of cells on this matrix to be obtained. When the conjugate matrix-cells are deployed within a human body, for example, it is expected that this conjugate will be consistent with the tissue, providing support and leading to desirable cell proliferation.[@b19-ijn-7-4511]

As cell proliferation and differentiation are occurring, the scaffold slowly biodegrades, gradually allowing the contact of blood vessels and host cytokine with the cells. What was once a matrix-cell conjugate changes, gradually making room for new and desired tissue as regeneration occurs. Following this, the tissue that was being regenerated becomes totally regenerated and starts to work perfectly, as before the lesion.[@b20-ijn-7-4511]

In order to realize the synthesis of an organic scaffold that is as close as possible to the natural ECM, there must be special care regarding the characteristics that will provide the undifferentiated cells all they need in order to develop; the scaffold must also be biocompatible and biodegradable, with the three-dimensional structure suitable for the promotion of specific tissue regeneration.

What is ECM?
============

The extracellular environment is formed by a complex network of biophysical and biochemical signals transmitted to tissue cells by a wide range of factors and mechanisms. This environment that surrounds all cells is essential for the formation and normal function of tissues (homeostasis) and is also essential for the regeneration of these tissues when any damage or pathology takes place.[@b21-ijn-7-4511] The ECM is crucial when it comes to movement, growth, adhesion, cell proliferation, and end-cell differentiation; it also influences gene expression and thus phenotype, morphogenesis, cell fate, apoptosis, and various other cellular activities related to training and maintenance of tissue in general.[@b22-ijn-7-4511] The geometry of ECM, for example, is essential to modulate cell function and polarity.[@b23-ijn-7-4511]

The ECM is highly hydrated and may have varying degrees of stiffness, depending mainly on the presence and concentration of fibrous protein like collagen, reticular, and elastic fibers.[@b24-ijn-7-4511] This rigidity determines not only the mechanical properties of the matrix but also influences the mechanical forces that are transmitted to the tissue's cells and effectively control tissue homeostasis.[@b25-ijn-7-4511]

ECM also possesses in its composition numerous molecules that perform specific functions on tissues; for example, noncollagenous glycoproteins such as elastin, laminin, and fibronectin, proteoglycans (PGs) with glycosaminoglycan chains, and soluble macromolecules like growth factors, chemokines, and cytokines.[@b26-ijn-7-4511] PGs, for example, control tissue's hydration and external compressive forces;[@b27-ijn-7-4511] collagen fibers offer resistance to the forces that intend to tighten the tissue, promote cell compaction,[@b28-ijn-7-4511] and regulate their own synthesis. Palka and Phang demonstrated that prolidase (an enzyme that plays an important role in the recycling of proline for collagen synthesis and cell growth) activity responds to ECM through signals mediated by the integrin receptor. They have shown that the interaction with type I collagen mediated by the beta-1 integrin receptor regulates cellular prolidase activity in cultured human skin fibroblasts.[@b29-ijn-7-4511]

ECM influences on cell phenotype and migration
----------------------------------------------

Howarth and Dourmashkin were the pioneers in describing the effect of ECM geometry on cell function in the 1950s. They reported the appearance of muscle fibers on an agarose overlay.[@b30-ijn-7-4511] Later on, in 1983, it was demonstrated[@b23-ijn-7-4511] that endothelial cells formed a monolayer on a single surface of a collagen gel substrate, but reorganize into acinar structures when overlaid with a second layer of ECM.[@b23-ijn-7-4511]

Integrin, another transmembrane protein, in interaction with ECM components can dictate how easy it is to move into the matrix. In fact, ECM stiffness is proportional to the number of integrin--ligand interactions.[@b32-ijn-7-4511] The interaction between ECM and fibroblasts also influences the tissue's rigidity. When fibrosis occurs, the stiffness of the matrix dictates to fibroblasts when and how to contract until the repair of the damage area is complete. The fibroblasts' manner and intensity of contraction, along with trophic molecules that exist in the medium, lead to the differentiation into myofibroblasts.[@b33-ijn-7-4511]

The ECM likewise has an important role in cell migration; this function of ECM, besides being essential during tissue development (morphogenetic process), operates on its homeostasis and regeneration. Cell migration is essential to some processes like cancer metastasis, embryonic development, and wound healing. Migration involves a complex integration of cellular adhesion to the substratum, proteolysis, and remodeling of surrounding ECM; all these processes are regulated by chemical signals such as growth factors. This is a cooperative mechanism that enables the cell to function correctly in the right place.[@b34-ijn-7-4511] The ratio of tensile strength of the matrix to the speed of cell migration in the medium is inversely proportional: the lower the degree of resistance of the matrix and the density of members in the molecular medium (ligand densities), the greater the speed with which cells move in the tissue.[@b35-ijn-7-4511]

Cell movement also takes place according to the gradient of soluble or insoluble signals (chemotaxis) sent to them, and according to the changes between the intercellular contacts.[@b36-ijn-7-4511] Cell movement through ECM is also above integrin influence; it plays a role in determining the extent to which the cells contract and the degree of intracellular voltage. That's because integrins support the cells' traction to perform the movement and directs the cells by being part of signaling pathways.[@b32-ijn-7-4511] In order to overcome the resistance imposed by the matrix, the cell can adopt two important strategies: change cell morphology or initiate the ECM's proteolysis. When a cell changes its morphology, it is an adaptation to the extracellular environment in an attempt to reduce resistance on the surface area. In conclusion, these examples illustrate how dynamic is the interaction between cells and matrix.[@b34-ijn-7-4511]

The 2-D migration is a cyclical phenomenon consisting of several steps: cell polarization, subsequent extension of protrusions in the direction of migration, stabilization of these protrusions, cell contraction, and detachment of the posterior part of the cell. The 3-D migration occurs in a more elaborate way, since the cell needs to overcome the resistance of the biophysical environment. This 3-D migration can occur in two ways: involving (more often) or not involving proteolytic events (moving through the space available on the surface).[@b37-ijn-7-4511] During the proteolytic migration, cells make room for their passage through the ECM, producing and activating proteases like cathepsins, serine proteases and matrix metalloproteinases (MMPs), which degrade the protein components of proteoglycans and part of the pericellular matrix. The degradation is very localized and occurs through one of three mechanisms: diffuse proteolysis (executed by proteases released from the cell), intracellular degradation into lysosomes, or degradation by cell surface--associated proteases.[@b38-ijn-7-4511]

ECM three-dimensionality
------------------------

The ECM not only provides support and tensile strength to the cell tissue but also acts as a medium where there are three-dimensional substructures for cellular adhesion and handling, storage of growth factors, cytokines, and chemokines, and signaling for morphogenesis and cell differentiation. In general, the biological responses involving multiple interactions between cells and matrix molecules in a three-dimensional way provide a more effective signaling network to promote the development and functioning of body tissues. Three-dimensional matrices have higher efficiency in inducing differentiated cell functions than 2-D substrates.[@b23-ijn-7-4511]

For this reason, to mimic the natural organic ECM it is essential that the scaffold presents some desirable characteristics related to three dimensions, like high porosity, high surface--volume ratio, high degree of interconnection between the pores of the matrix, appropriate pore size, and an adequate geometry.[@b39-ijn-7-4511]

Required characteristics for a desirable scaffold and its importance for CNT science
====================================================================================

To qualify a material as scaffold, it must, besides being a porous substrate, possess some essential characteristics regarding performance in body tissues in order to reproduce the natural environment in which the regenerative processes occur. In tissue engineering, biomolecular recognition of synthesized organic support (scaffold) by cells is essential to enhance the volume and surface modification of biomaterials. This recognition can be accomplished through chemical or physical methods, using bioactive molecules such as chains of native ECM proteins and small peptide sequences, which can interact specifically with cellular receptors.[@b40-ijn-7-4511]

The support must, at first, be made of biocompatible, bioreabsorbable, and biodegradable materials, providing adequate mechanical scaffold necessary to the occurrence of correct interaction between the cells themselves and between the cells and the ECM. For this reason, it must provide: (1) desirable physical and chemical properties for the targeting of specific cells to the ECM, and therefore to the damaged tissue, by promoting the reorganization of the injured tissue in its natural disposition, and (2) organic support needed to rebuild the whole tissue.[@b41-ijn-7-4511]

The support models must meet a complex hierarchical pattern of cells, including microvascular networks that comprise the stroma and exercise control flow on a microscale, not only in the interstitial space but also among the network of blood vessels and lymphatics. This complex environment has not yet been achieved, but efforts are being made for such an organic model that could be produced satisfactorily.[@b42-ijn-7-4511]

The synthetic scaffold should act to promote the optimization of growth and cell development in injured tissue. It must be implanted, seeded with cells, directly into the affected area of tissue to be regenerated,[@b43-ijn-7-4511] or seeded with cells and cultured in vitro with the intention of forming the new tissue prior to implantation.[@b44-ijn-7-4511] Then the entire process of reconstitution occurs, from the successful interaction between cells and cells and ECM, avoiding initiation of an immune response.[@b45-ijn-7-4511]

One of the most popular materials used in scaffolds for tissue engineering was discovered in 1991 and revolutionized the research field: CNTs.[@b17-ijn-7-4511] These nanotubes, since they started being studied, have demonstrated a huge number of interesting characteristics; for example, they have remarkable electrical and mechanical properties and chemical stability.[@b46-ijn-7-4511] Nanotubes can, for example, deliver therapeutic molecules and DNA;[@b47-ijn-7-4511]--[@b49-ijn-7-4511] however, without modifications on their structure, they can induce an immune response.[@b50-ijn-7-4511]

Nygaard and collaborators demonstrated that in mice, the adjuvant effect of particles on allergic immune responses increases with decreasing particle size and increasing particle surface area, and that CNTs promote allergic responses in mice.[@b45-ijn-7-4511] In this way, researchers face the challenge of modifying CNT surface to avoid evoking immune responses and to promote successful regeneration as part of a scaffold.

The first obstacle that researchers had to overcome was the difficulty of manipulating and integrating CNTs with polymers; this is because the CNTs present poor dispersion within a large number of solvents. In fact, they are chemically inert, but through their functionalization it has been possible to solubilize CNTs[@b51-ijn-7-4511] and conjugate them with other substances like collagen.[@b52-ijn-7-4511] Added to the CNT, the collagen gel acquires greater resistance consisting of efficient scaffold for growth of cells in three-dimensional arrays.[@b53-ijn-7-4511] Nowadays, there are many examples of noncovalent functionalization of CNTs interacting with molecules, such as surfactants,[@b54-ijn-7-4511] polymers,[@b55-ijn-7-4511] or proteins[@b56-ijn-7-4511] in water (often termed "wrapping"). At the same time, this process often induces dispersion of the bundled CNTs in water as a result of the reduction or elimination of their hydrophobicity. Moreover, the debundled single-walled CNTs (SWNTs) are able to retain the conformation of proteins.[@b56-ijn-7-4511] A number of reviews have discussed CNT functionalization with many different organic groups and with more detailed information.[@b57-ijn-7-4511]--[@b59-ijn-7-4511]

The dimensions of the CNT become especially relevant to conduct studies on a nanoscale, since its size simulates collagen protein at the nanoscale level. One of the features already fully understood from the ECM is the necessity to have in its physical structure a substrate that can interact with fibrous protein, maintaining its integrity for a long time (retarding proteolysis). It is also desirable to allow cells contact with no modification or enhancing of their function. If the goal is to mimic the most natural environment of the ECM to promote tissue-specific regeneration, it is possible to produce nanofibers using electrospinning, which have recently received a lot of attention in order to obtain an adequate support structure for tissue engineering.[@b60-ijn-7-4511]

The success of this area is now currently in mimicking as accurately as possible the original structure and composition of ECM of several human tissues, in order that they can be regenerated using nontoxic and nonimmunogenic substances capable of leading the most holistic regeneration possible. For that to become reality, researchers continue to seek the broadest possible understanding of interactions of cells among themselves and interactions of cells with the ECM both in vivo and in vitro.

Carbon nanotubes as an alternative to replacement and integration of ECM
========================================================================

Nanostructured materials arouse interest in the field of bioengineering for the production of "frameworks" called scaffolds, due to their similarities with the ECM present in all parts of the body. Their configurations, dimensions, and physical and chemical properties influence the cellular interactions that lead to the regeneration of tissues, and are seen as a breakthrough in implantable surfaces.

Within the class of nanostructured materials, CNTs have great potential for biomedical applications due to their unique properties, such as low weight, high electrical conductivity, high chemical stability, high thermal conductivity, large surface area, high mechanical strength, and easy incorporation of functional groups to produce scaffolds. The combination of these characteristics makes CNTs a unique material with potential for various applications, including tissue engineering. CNTs can be of two types: single (SWNTs) and multiwalled (MWNTs).[@b61-ijn-7-4511],[@b62-ijn-7-4511]

SWNTs have diameters ranging from about 0.7 nm to about 1 nm, but their synthesis with diameters of less than 0.7 nm using iron nitrate has been reported.[@b63-ijn-7-4511] MWNTs have a larger diameter, which can be 4--30 nm.[@b64-ijn-7-4511],[@b65-ijn-7-4511] The lengths of nanotubes can reach sizes up to thousands of times greater, being among cylindrical structures, the highest hardness known. When added to polymers, for example, nanotubes improve the mechanical and electrical properties, making resulting compounds very attractive for biological applications.[@b51-ijn-7-4511],[@b52-ijn-7-4511],[@b66-ijn-7-4511],[@b67-ijn-7-4511] SWNTs are also suitable for biomedical imaging. SWNTs with a number of unique intrinsic optical properties have been widely used as contrast agents in Raman imaging, near-infrared fluorescence imaging and photoacoustic imaging in vitro and in vivo. More imaging functionalities including positron emission tomography and magnetic resonance imaging can be achieved by either utilizing external labels or the metal impurities of nanotube samples. Although there is still a long way to go before SWNTs are ready for clinical use, they are promising nanomaterials with great potential in multimodality biomedical imaging.[@b68-ijn-7-4511],[@b69-ijn-7-4511]

An example of CNTs application is their use in bone-tissue regeneration, in which this nanomaterial has demonstrated biocompatibility with osteoblasts, promoting bone formation. [@b52-ijn-7-4511],[@b70-ijn-7-4511]--[@b72-ijn-7-4511] This kind of material can also be applied within hyaluronic acid hydrogels to enhance viscoelasticity of biopolymer hydrogels without changing their water-intake capacity.[@b46-ijn-7-4511],[@b67-ijn-7-4511],[@b73-ijn-7-4511] Thus this novel hybrid hydrogel can be a suitable material to be used in drug delivery with controlled release, and in tissue engineering.[@b46-ijn-7-4511] For an interesting review in which the authors discuss CNTs as carriers for in vitro and in vivo drug delivery in cancer therapy, see Liu et al.[@b74-ijn-7-4511]

Similarity of nanotubes with ECM
--------------------------------

CNTs have some features that are essential on a scaffold's formation and that are common to natural ECM. For this reason, they may be a great alternative to tissue engineering. One of these characteristics is the high degree of flexibility[@b75-ijn-7-4511] and elasticity[@b76-ijn-7-4511] that nanotubes have. This high degree of flexibility is directly related to the cohesion of the solid and therefore the covalent chemical bonding of carbon atoms therein. Another common feature between nanotubes and ECM is the presence of porosity of similar diameter.[@b77-ijn-7-4511]

As mentioned previously, the lower the hardness of the matrix, the greater the speed with which the cells move into the tissue, and therefore the more optimized is cell reconstitution. [@b35-ijn-7-4511] SWNTs have pores generally less than 1 nm in diameter, and the pores of MWNTs vary between 4 and 30 nm in diameter.[@b65-ijn-7-4511],[@b78-ijn-7-4511] The high degree of porosity found in nanotubes makes them very applicable as scaffolds, since the natural ECM is highly porous, and this is a fundamental factor for tissue integration.[@b79-ijn-7-4511] Besides the porosity, CNTs also have as large a contact surface area as ECM, another important characteristic.[@b80-ijn-7-4511]

CNTs may be functionalized with various functional groups and reagents. Several advances have been made in this area, and this phenomenon can make the nanotubes soluble in aqueous and organic solvents, and can modify some properties and functions inherent to them.[@b51-ijn-7-4511] Functionalized CNTs present improved properties with respect to solubility and dispersion, manipulation, and processibility. The covalent way, either exohedral or endohedral, can be applied to the extremities or sidewall.[@b81-ijn-7-4511] It is also possible to decorate CNTs with other nanoparticles, such as silver or gold,[@b82-ijn-7-4511] carbohydrate molecules,[@b49-ijn-7-4511],[@b83-ijn-7-4511],[@b84-ijn-7-4511] or peptides.[@b85-ijn-7-4511] This property makes CNTs efficient when it comes to being as similar as possible to the ECM. It is through the implantation of desirable molecules on the nanotube surface that can promote the interconnection between the numerous pores of the support, in order to obtain a more integrated network.

Another significant property of CNTs is that they can interact with proteins and DNA. In other words, in tissues that are being repaired, a biomolecular interaction occurs between CNTs and macromolecules of ECM before inducing proliferation and cell growth.[@b86-ijn-7-4511],[@b87-ijn-7-4511] Also, most desirable for the synthesis of a scaffold, CNTs may be 3-D, like the natural ECM.[@b88-ijn-7-4511],[@b89-ijn-7-4511]

Besides all these features that make CNTs a highly efficient candidate for tissue-engineering scaffold, they are highly biocompatible according to some studies.[@b47-ijn-7-4511],[@b90-ijn-7-4511]

In tissue engineering, CNT scaffold becomes a biomaterial increasingly attractive as new biochemistry properties are elucidated; the similarity to ECM allows cultivation of cells on its surface. In 2009, Hirata et al demonstrated that MWNT-coated surface shows strong cell adhesion and an ability to promote protein's assimilation and absorption.[@b91-ijn-7-4511]

CNTs interact with collagen fibrils and ECM proteins
----------------------------------------------------

CNT scaffolds designed for tissue engineering interact with cells immersed on them, and they are able to do so through such proteins as integrin[@b92-ijn-7-4511] and collagen.[@b93-ijn-7-4511] The cell--ECM (natural) or cell--CNT scaffold (synthetic) interactions are necessary because cells need to adhere to the matrix in an adequate way to multiply, differentiate, and acquire the correct organization in which they are normally found on the tissue. When a synthetic material is used, all of those cell physiology process occur during scaffold degradation.[@b94-ijn-7-4511]

Based on the fact that cells possess on their surface receptors for proteins, and that collagen is an abundant protein found in the ECM, it began to be used as a support matrix based on collagen gel adsorbed to CNTs. The use of this combination (collagen CNTs) was only possible through the development of tissue engineering. When the CNTs were embedded in collagen gel, the scientists observed the origin of a tougher material that allowed correct three- dimensional structure of cells: a desirable feature on a biomaterial to be used for tissue regeneration.[@b95-ijn-7-4511] Using turbidity as a way of evaluating the interaction between CNTs and collagen molecules, Kuboki et al found that native collagen induced distinct aggregation with CNTs, while denaturation of the protein deprived the molecules of their ability to aggregate with CNTs. It indicates that the rigid 3-D structure of the native collagen triple helix is essential for interaction with CNTs and aggregation.[@b96-ijn-7-4511] Nanotube collagen gel is very useful because it resembles the three-dimensional arrangement of the natural ECM beyond being the collagen matrix itself, a biocompatible and biodegradable structure. This sum of features enables the anchorage of cells on scaffold surface, providing stability to allow them to proliferate and begin the desired process of differentiation. Therefore, biodegradation of collagen-based biomaterials for applications such as tissue engineering could potentially lead to the restoration of tissue structure and functionality.[@b97-ijn-7-4511] It has become possible to promote the tissue-specific development of seeded cells and the growth of skin, pieces of myocardium, and cellular structures.[@b98-ijn-7-4511] It has also been demonstrated that the CNT-- collagen biocomposite can induce hydroxyapatite deposition that can be used for bone-fracture regeneration.[@b52-ijn-7-4511]

CNTs can allow an in vitro simulation of in vivo conditions, making it simple to study or induce in the laboratory natural cellular processes, such as cellular differentiation. In fact, a simple change in nanotube dimension modifies a cell's fate during differentiation.[@b99-ijn-7-4511] When fibronectin immobilization on CNT monolayer is done, it leads to an increase in seeding efficiency and on the proliferation rate of stem cells over the scaffold, proving the importance of the interaction between CNTs and ECM proteins on cell metabolism.[@b100-ijn-7-4511]

Functionalization of CNTs through ECM protein immobilization was successful in producing a biomaterial that can be used in biomedical engineering.[@b3-ijn-7-4511] MacDonald et al noted that matrices containing 2-wt% SWNTs showed some delay in the compaction of the gel during the first 3 days of their experiment: an indication that the CNTs improve the mechanical properties of the gel when added to it.[@b52-ijn-7-4511],[@b53-ijn-7-4511] It was also noted by Cao et al that the combination collagen/MWNT has really improved mechanical properties compared to pure collagen. This improvement occurs due to the fact that they are, in conjunction, the most optimized three-dimensional arrangement on the nanoscale: allowing greater interaction between cells with the matrix of the injured tissue[@b101-ijn-7-4511] ([Table 1](#t1-ijn-7-4511){ref-type="table"}).

Interaction with osteoblasts, myocytes, cardiomyocytes, and neurons
-------------------------------------------------------------------

One of the main objectives of tissue engineering is developing biocompatible scaffolds that can be used to successfully proliferate osteoblasts, myocytes, and neurons, which can be later grown into full tissues and organs ([Figure 1](#f1-ijn-7-4511){ref-type="fig"}). CNTs have been lauded as a promising material to create the nextgeneration matrix for growing these cells, as current alternatives based on polymers and peptide fibers have failed to show the necessary strength and electrical conductivity.[@b78-ijn-7-4511]

### CNTs and bone cell interaction

There are many advantages that CNT could claim for providing scaffolds to grow osteoblasts, for example. It is one of the strongest materials on Earth, and has unique mechanical, thermal, and electrical properties, as discussed before, turning it into a flexible, elastic, and low-density material, ideal for incorporation into living tissue.[@b102-ijn-7-4511]--[@b105-ijn-7-4511]

Bone tissue is composed of cells, including osteocytes, osteoblasts, and osteoclasts, and a mineralized ECM enriched with hydroxyapatite crystals. Osteoblasts are the main cells that synthesize bone matrix and are located at bone surface, producing type I collagen, proteoglycans, and glycoproteins, all of them present in the ECM. They are also involved in determining the concentration of calcium phosphates, and take part in matrix mineralization.[@b106-ijn-7-4511]--[@b108-ijn-7-4511]

Studies have been done on the biocompatibility and cellular growth of bone tissues on CNT scaffolds.[@b109-ijn-7-4511],[@b110-ijn-7-4511] According to Haddon's group, for example, negatively charged functionalized SWNTs can attract calcium ions, promoting nucleation and crystallization. And surface-charged CNTs can also inhibit the growth and proliferation of osteoblasts cells, while surface-neutralized ones promote cell growth and the formation of mineralized bone.[@b111-ijn-7-4511],[@b112-ijn-7-4511] It is also widely known that the presence of CNTs in the scaffold promotes cell adhesion.[@b62-ijn-7-4511],[@b113-ijn-7-4511]--[@b115-ijn-7-4511]

Jell et al performed experiments on polyurethane--CNT nanocomposite (a porous structure) and concluded that the amount of MWNT in the scaffold's structure altered the resulting foam's physical, mechanical, and surface properties, and also the osteoblast phenotype.[@b116-ijn-7-4511] The surface roughness of CNT scaffolds was also found to influence the increase of osteoblastic cell differentiation and proliferation.[@b86-ijn-7-4511]

CNT composites have been shown to have highly textured surfaces; therefore, it is expected for them to influence osteoblast behavior. Furthermore, the rise in roughness might contribute to higher adsorption of fibronectin and vibronectin proteins, increasing the adhesion of cells onto the surface matrices.[@b113-ijn-7-4511],[@b116-ijn-7-4511],[@b117-ijn-7-4511]

When it comes to osteoclast differentiation, it can be inhibited by MWNTs. Osteoclastic activity is related to the natural resorption of bone tissue, but sometimes can lead to pathological conditions such as osteoporosis and rheumatoid arthritis. MWNTs somehow can cause a decrease on osteoclast number and inhibit ectopic bone resorption in vivo. In vitro, these nanotubes also inhibit osteoclasts and unaffect osteoblasts' growth.[@b118-ijn-7-4511]

In 2006, Oh et al succeeded in obtaining accelerated osteoblast cell growth on vertically aligned TiO~2~ nanotubes. The osteoblasts' adhesion and propagation were improved by the topography of the TiO~2~ nanotubes, and according to the authors, the filopodia of growing cells were going into the nanotube pores, producing an interlocked cell structure. The acceleration in the growth rate of osteoblast cells was 300%--400%.[@b119-ijn-7-4511]

Although most studies focusing on the interaction between bone cells and CNTs are done in vitro, some in vivo studies have also been performed.[@b62-ijn-7-4511],[@b67-ijn-7-4511],[@b71-ijn-7-4511],[@b120-ijn-7-4511],[@b121-ijn-7-4511] These studies showed that MWNT implants -- often combined with other substances, such as polycarbosilane, chitosan, or hyaluronate -- cause no considerable inflammation response and enhance bone-tissue growth.[@b62-ijn-7-4511],[@b67-ijn-7-4511],[@b71-ijn-7-4511],[@b120-ijn-7-4511],[@b121-ijn-7-4511] Wilmowsky et al investigated the effects of a TiO^2^ nanotube structured surface on periimplant bone formation in vivo and compared the results with an untreated standard titanium surface. It was observed that a significantly higher collagen type I expression occurred in the nanostructured implants in comparison to the control group.[@b122-ijn-7-4511]

Studies have been using the electrospinning process and fibrous matrices to fabricate bone scaffolds with various compositions and 3-D configurations,[@b123-ijn-7-4511],[@b124-ijn-7-4511] mainly due to the structural similarity to the tissue ECM, the processing availability of a wide range of materials, and simple setup and operation at low cost.[@b125-ijn-7-4511] While electrospinning of purely polymer material systems had already been intensively and routinely researched in the past decade, recent research on the feasibility of incorporating those inorganic nanoparticles, such as CaCO~3~,[@b126-ijn-7-4511] Fe~3~O~4~,[@b127-ijn-7-4511] and CNTs,[@b128-ijn-7-4511] into fibers to fabricate composite electrospun meshes has made electrospinning very attractive in fulfilling some specific functional applications, especially for bone-tissue engineering. In this way, Shao and collaborators fabricated poly-DL-lactide (PLA)/MWNT nanofiber meshes by direct electrospinning of PLA solution containing MWNTs.[@b129-ijn-7-4511] These nanofiber meshes maintained the conductive property of MWNTs and offered a unique system to study the synergistic effect of topographic cues and electrical stimulation on osteoblast outgrowth, as a way of exploring their potential application in bone-tissue engineering. Bone regeneration, fracture healing, and more recently stem cell differentiation could be directed with the use of an electric field.[@b130-ijn-7-4511]--[@b133-ijn-7-4511] The results of unstimulated osteoblast assay showed that the aligned nanofibers as topographic cues could enhance the extension and direct the outgrowth of osteoblasts better than random fibers. In the presence of direct current, the osteoblasts on all samples grew along the electrical current direction.[@b129-ijn-7-4511]

Cytotoxicity of CNTs on osteoblast and osteoblast-like cultures was also tested by Tutak et al, showing interesting results. It was probably the first work to propose a mechanism for which both cytotoxicity and accelerated bone formation are in some way related. By joining biochemical assays together with total protein counting, cell counting, and electronic microscopy, the authors were able to successfully correlate acute cell death during the first 24 hours after the initial intake of free CNTs in the media. Resulting cell deaths were responsible for the release of growth factors that stimulated the remaining ones to differentiate and secrete ECM proteins. Furthermore, when CNTs were firmly attached to a substrate such as glass, no cytotoxic effects or enhanced growth or differentiation in cells were observed. The introduction of cell lysate into cultures without the presence of CNTs mimicked its effects on total protein assay, producing no reduction in cell viability.[@b134-ijn-7-4511]

Verdejo et al also evaluated the cytotoxicity of polyurethane CNT foams over osteoblasts. They observed that increasing the CNT loading fraction did not cause cytotoxicity to osteoblasts, nor did it have any detrimental effects on osteoblast differentiation or mineralization.[@b135-ijn-7-4511] So considering CNT characteristics when in contact with osteoblasts, Wilmowsky et al and Saito et al considered that CNTs can be useful as an excellent bioactive surface layer for orthopedic and dental applications, for example.[@b105-ijn-7-4511],[@b122-ijn-7-4511]

### CNTs and muscle cell interaction

There are few studies available in the literature covering the interaction between CNTs and muscle cells. All of them are related to cytotoxicity, and the majority use nonfunctionalized CNTs; however, there are studies like that developed by Raja et al that used functionalized CNTs, and this is exactly the one that showed the greatest impact on cell viability. The study showed how functionalization or its lack thereof alters signif icantly nanomaterial biocompatibility and bioresponsiveness. [@b136-ijn-7-4511] More studies are necessary in order to show how each variation in CNT nature changes its biological response.

Raja et al used smooth muscle cells with activated carbon or different concentrations of functionalized SWNTs, filtered or not. The results showed that both SWNTs and activated carbon significantly reduced cell number, though the effects of activated carbon were less pronounced. The dose also had an impact on general cell viability: higher concentrations of SWNTs caused lower cell density.[@b136-ijn-7-4511]

Previous work done by Garibaldi et al used cardiomyocytes to assess nonfunctionalized SWNT cytotoxicity in vitro. Pure SWNTs mixed with medium were incubated with cells for 24, 48, and 72 hours. It was shown that SWNTs bind to the cell membrane, making it hard to detach them by normal washing. The results also showed little toxicity even after 3 days, with the viability and cell number decreasing slightly. After reseeding, changes in cell morphology and a considerable decrease in cell viability were noticed.[@b137-ijn-7-4511]

Another fascinating study with muscle cells was done by Helfenstein et al. They investigated the effect of ultrafine particles like TiO~2~ and nanoparticles such as SWNTs in neonatal rat ventricular myocytes. Alterations on impulse conduction velocity and action-potential upstroke velocity were measured, and SWNTs caused the least amount of alteration when compared to untreated control. Also, CNTs did not promote an increase in oxidative stress, nor did they alter myofibrillar structure.[@b138-ijn-7-4511] The same results were obtained by Ladeira et al, who used CNTs as siRNA transfection agents.[@b47-ijn-7-4511]

In 2010, Fung et al concluded that interactions of cultured cardiac myocytes with nanotubes were optimized when CNTs were vertically aligned (so the position is important for interactions to be established). In that position, they were able to penetrate the membrane of neonatal rat ventricular myocytes, while the randomly oriented ones remained external to the cells.[@b139-ijn-7-4511]

In a study using the electrospinning technique, McKeon- Fischer and collaborators used coaxially electrospun poly(ɛ-caprolactone), acid MWNT, and a hydrogel consisting of polyvinyl alcohol and polyacrylic acid (PCL-MWNT-H) to create a self-contained nanoactuating scaffold for skeletal muscle-tissue replacement.[@b140-ijn-7-4511] This nanocomposite was biocompatible, and the acid MWNT increased its conductivity and acted as an inner electrode. Culture myocytes presented a cellular increase, but they also displayed more multinucleated cells with interacting actin filaments, and the addition of MWNT also caused the mechanical properties to be greater than those of muscle.[@b140-ijn-7-4511]

Mu's group have discussed many aspects of carboxylated single-wall (SWNT-COOH) and carboxylated MWNTs (MWNT-COOH). SWNT-COOH was described to inhibit cell proliferation via a nonapoptotic mechanism by suppressing the Smad-dependent bone morphogenetic protein (BMP) signaling pathway and downregulating Id proteins. These events caused cell cycle arrest at G~1~/S transition and inhibited cell proliferation.[@b141-ijn-7-4511] MWNT-COOH promotes myogenic differentiation of mouse myoblast cells without using any protein or chemical factor,[@b142-ijn-7-4511] indicating intrinsic activity of MWNT-COOH. They also demonstrated that MWNT-COOH improved cell survival under the differentiation conditions, inhibiting cell apoptosis by regulating basic helix--loop--helix (bHLH) transcription factors. These effects originated from the binding of MWNT-COOH to BMP receptor 2 (BMPR2), suppressing the BMP signaling pathway and regulating bHLH transcription factors involved in differentiation and apoptosis.[@b142-ijn-7-4511]

### CNT and neuron interaction

Interactions between CNTs and nerve cells are being heavily investigated in the field of tissue engineering, based on promising possibilities of developing new ways to repair injury. CNTs have been applied in several areas of nerve-tissue engineering to study cell behavior or to instruct the growth and organization of neural networks. CNTs seem to form a perfect pairing with neuron cultures, both of them being able to conduct electrical signals.[@b143-ijn-7-4511]

Mattson et al were the first to investigate the growth of neurons on MWNTs coated with 4-hydroxynonenal (4-HNE) on polyethylene amine-layered coverslips. They showed that it was able to induce rat embryonic hippocampal neuronal neurite outgrowth and adhesion.[@b144-ijn-7-4511] So CNTs are compatible with neuron growth and proliferation, and adsorption of molecules on their surface can lead to the development of selected networks on different matrices.

Lovat et al tried to use nonfunctionalized MWNTs to assess the occurrence of spontaneous postsynaptic currents by single-cell patch-clamp recordings. Hippocampal neurons had their synaptic activity increased by substrate, but their action potential remained the same.[@b145-ijn-7-4511]

Many other canonical studies have been done, as covered elsewhere,[@b87-ijn-7-4511],[@b109-ijn-7-4511],[@b110-ijn-7-4511] including Ni et al, who showed how different groups added to MWNT surface, such as poly(*m-*aminobenzene sulfonic acid) or ethylenediamine, affect neurite outgrowth and branching. They concluded that more positively charged groups incite greater neurite length and more numerous growth cones.[@b146-ijn-7-4511] Gabay et al showed that soft-lithography techniques could be coupled with CNT growth in order to create nanotopographical surfaces, allowing greater control in cell growth and attachment. Neurons aggregated and accumulated in CNT-coated regions, while the rest of the quartz substrate had very low cell density.[@b147-ijn-7-4511] Matsumoto et al demonstrated the use of neurotrophin coating in MWNTs as a biologically active substrate to stimulate neuronal neurite outgrowth.[@b148-ijn-7-4511]

Also in 2007, Mazzatenta et al developed an integrated SWNT--neuron system to test whether electrical stimulation delivered via SWNT could induce neuronal signaling. To that aim, hippocampal cells were grown on pure SWNT substrates and patch-clamped. The neuronal response was compared to voltage steps delivered either via conductive SWNT substrates or via the patch pipette. The results indicated that SWNTs can directly stimulate brain circuit activity.[@b143-ijn-7-4511]

A breakthrough study from Fabbro et al developed for the first time an artificial nanomaterials-based scaffold to explore the semichronic (weeks) impact of CNT interfaces on spinal segment growth and activity.[@b149-ijn-7-4511] They demonstrated that the long-term impact of an artificial MWNT meshwork characterized by large surface roughness and conductivity[@b150-ijn-7-4511],[@b151-ijn-7-4511] favors neurite regrowth in spinal explants, with the appearance of increased growth-cone activity ([Figure 2](#f2-ijn-7-4511){ref-type="fig"}).[@b149-ijn-7-4511] Ultimately, this study supports one of the emerging strategies in nanoscale engineering, which is the use of physical features alone to guide different biological responses, without the levels of sophistication required by biomolecule selective patterning. [@b152-ijn-7-4511]

CNTs have also been shown to favor the differentiation of human embryonic stem cells (hESCs) into neurons. In this study, CNTs were treated to become more hydrophilic and to be later grafted with polyacrylic acid. The resulting polymer was deposited on glass coverslips and dried, being further seeded with hESCs. Results showed that the stem cells were favorably directed towards the neural lineage, with an enhancement double that of poly-L-ornithine -- the conventional polymer for growing neurons -- and with no decrease in cell viability or adhesion.[@b153-ijn-7-4511]

Dealing with biocompatibility issues, Bardi et al suggested that the presence of MWNTs might decrease considerably the toxicity of conjugated composites such as Pluronic F127 *in vivo*. In vitro studies showed that the presence of a higher dose of MWNTs compared to Pluronic F127 decreased cell death.[@b154-ijn-7-4511] However, a study conducted by a Swiss group showed acute citotoxicity of SWNTs in primary cultures of chicken embryonic spinal cord and dorsal root ganglia. Glial cells suffered the most, while sensory neurons were mostly affected in dorsal root ganglia-derived cultures. A link was also made between high agglomeration levels of the nanotubes and their increased toxicity and nonfunctionalized SWNTs. The results showed that these agglomerations elicit cytotoxic responses mostly on glial cells.[@b155-ijn-7-4511]

Malarkey et al's[@b156-ijn-7-4511] recent work tackled the issue of how functionalized SWNTs are able to extend the length of neurites while decreasing their numbers. To find an answer, an SWNT polyethylene glycol copolymer was used to treat hippocampal neuronal cultures. They found that the copolymer did not affect the endocytotic loading of a recycling dye in unstimulated cells. However, under stimulating conditions, the initial amount of dye taken up was reduced. SWNT polyethylene glycol affected plasma membrane/vesicular recycling. This effectively means a large surface area, as endocytosis is apparently impaired by the SWNT-PEG, while the reverse movement is not, allowing for a net insertion of plasma membrane.

In 2009, Kam et al focused their attention on trying to overcome one of the key challenges to engineering neural interfaces: minimize the immune response toward implanted electrodes. They fabricated a layer-by-layer structure assembled with SWNTs and laminin. Laminin--SWNT films conducted neural stem cell differentiation and were suitable for their successful excitation. Their results indicate that the protein--SWNT composite can be used as a material foundation of neural electrodes, with chemical structure better adapted with long-term integration with the neural tissue.[@b157-ijn-7-4511]

Polysaccharide agarose/CNT hybrid materials for applications involving neural tissue engineering and biointerfacing with the nervous system have also been tested. The authors found that agarose/CNT materials are not only conductive and nontoxic, but their functionalization can facilitate cell attachment and response both in vitro and in vivo.[@b158-ijn-7-4511]

The development of nanomaterial-based interfaces for neuronal networks holds the potential to improve our knowledge on the adhesive interactions that cells and fibers are able to probe and respond to.

Stem cells and CNTs for tissue engineering
==========================================

Stem cells are characterized by being unspecialized cells that have the ability to self-renew (proliferate while remaining as stem cells) and differentiate into various cell types.[@b159-ijn-7-4511] These cells are utilized on tissue engineering and tissue regeneration studies because they possess high proliferation capacity and can acquire diverse cell fates according to the tissue in which they relay. Numerous studies have been done, for example, on using pluripotent cells as precursors to the rebuilding of injured tissues.

Pluripotent cells used in tissue engineering are commonly hematopoietic cells derived primarily from adult peripheral blood (bone marrow). Cells arising from bone marrow can be induced to differentiate into adipocytes, osteoblasts, neural, myocytes, or chondrocytes, and are great candidates for rebuilding tissues. These stem cells can be directly injected into the injured tissue, or grown on tissue culture flasks beforehand, be conjugated with the previously established scaffold, then used to regenerate the lesion, and can even be used as part of the forming scaffold for therapeutic purposes ([Figure 3](#f3-ijn-7-4511){ref-type="fig"}).[@b160-ijn-7-4511]

Mesenchymal stem cells, which are pluripotent cells, can theoretically perform the entire process of cell reconstitution. They can multiply and originate various other cell types, thus regenerating the local tissue that has suffered damage. After and during the differentiation process of pluripotent cells into specific cell types, they will start to produce different compounds needed for the maintenance of the neoformed tissue and the occurrence of angiogenesis. These events are mediated by molecules like growth factors and proteins related to cell multiplication and differentiation ([Figure 3](#f3-ijn-7-4511){ref-type="fig"}).[@b161-ijn-7-4511]

The whole differentiation of pluripotent stem cells into cells of a specific tissue will be led by the environment that surrounds them. In the case of regeneration using CNTs and stem cells, the scaffold of biomaterial will dictate the cells' fate. For this reason, the microenvironment surrounding the stem cells must have the nanoscale morphology and components capable of making them commit to the specific cell fate. Scaffolds must acquire the topological and morphological features of the stem cells' niche, allowing them to differentiate into the desired cell fate.[@b162-ijn-7-4511] That is why efforts to develop scaffolds with functions and properties capable of mimicking the natural ECM on the same scale are essential to reconstruct lesioned tissues.[@b163-ijn-7-4511] Although various one-dimensional structures have been utilized for simulating stem cell niches, they were larger than tens of nanometers and thus might cause some disturbance to surrounding biosystems under in vivo environments. On the other hand, CNTs have drawn attention for stem cell engineering,[@b52-ijn-7-4511],[@b164-ijn-7-4511]--[@b166-ijn-7-4511] and were expected to generate minimum disturbance to the surrounding biosystems due to the small diameter of CNTs. It was also observed that the adhesion, growth, and differentiation of stem cells on CNT matrices were increased.[@b167-ijn-7-4511] For this purpose, it was necessary to know if hMSCs could recognize individual CNTs in CNT networks. Namgung's group found that it is possible, and furthermore the alignment of the individual CNTs can affect the growth and differentiation of the hMSCs. The hMSCs on the aligned CNT networks were stretched along the alignment direction of the individual CNTs in the networks. They also observed the enhanced proliferation and osteogenic differentiation of the hMSCs on the aligned CNT networks, and that the osteogenic differentiation could be related to the upregulation of genes involved in the mechanotransduction pathways in the hMSCs.[@b166-ijn-7-4511]

Li et al in 2005 used mesenchymal stem cells from adult bone marrow, which are undifferentiated and multipotent, for the generation of chondrocytes cultured on a three-dimensional nanofiber scaffold, treated with a family of growth factors (transforming growth factor beta). They concluded that this scaffold was a possible candidate for tissue engineering aimed at cartilage repair, since using this it was possible to achieve an efficient formation of cartilaginous tissue, through regeneration performed by stem cells after the scaffold's degradation.[@b168-ijn-7-4511]

Siddappa et al proved in 2008 that bone formation was possible even in vivo using hMSCs. They demonstrated for the first time that bone formation by hMSCs can be significantly augmented through manipulation of the in vitro signal transduction by using a simple compound like cyclic adenosine monophosphate. Activation of protein kinase A elicits an immediate response inducing the expression of some genes like *ID2* and *FosB*, and induces the secretion of bone-related cytokines (BMP-2, insulin-like growth factor 1, interleukin 11), leading to robust in vivo bone formation through hMSCs. The enormous plasticity of hMSCs has also been established.[@b169-ijn-7-4511]

Stem cells and carbon nanotubes -- a new tissue
===============================================

The generation of synthetic ECMs that are able to exert control over the process of stem cell differentiation is desirable. When a scaffold is produced and seeded with stem cells, it is known that the whole process of tissue formation and homeostasis of tissue repair, as well as degree of regeneration, is dependent on the fidelity of the differentiation process adopted by these cells.[@b170-ijn-7-4511],[@b171-ijn-7-4511]

As this process involves a very wide range of signals and metabolic pathways, it is highly dependent on the ECM and therefore dependent on scaffold structure. There are still several technical hurdles that need to be overcome in order to enable stem cells to be used in humans for the regeneration of damaged tissues without risk to human health, such as loss of control over the process of cell proliferation and differentiation, which can lead to cancer generation. Signals from the environment can, for example, instead of stimulating the onset of a cellular differentiation, induce the process of cell division in order to self-renew the pool of undifferentiated cells.[@b172-ijn-7-4511]

Both processes -- cell proliferation and differentiation -- are based mainly on the right nanotopography surroundings and cellular microenvironment composition, and on the presence of appropriate substrates.

According to Oh et al, by changing the dimensions of the nanotubular scaffold, it is possible to increase adhesion of hMSCs and also allows the promotion of their specific differentiation into the osteoblast. They demonstrated that a narrow range of CNT dimensions led to a dramatic change in hMSC behavior.[@b99-ijn-7-4511]

Bioactive materials remain to be developed for a specific objective: dictate to stem cells the correct and highly specific fate. Lutolf and Hubbell affirm that a scaffold with MMPs or plasmin, an integrin-binding adhesion ligand, and the bone-inducing growth factor BMP-2 is a matrix capable of promoting bone remodeling when implanted in fractured bones.[@b21-ijn-7-4511]

Recent nanomaterial applications and future prospects
=====================================================

One possible application of CNTs and the main focus of this review is the development of scaffolds for safe and efficient tissue engineering. The desirable objective is the creation of functional 3-D tissues using cells (for example, stem cells) combined with scaffolds (for example, CNTs with ECM proteins) or devices (like neuron sensors) that can facilitate cell growth, organization, and differentiation. Scientists want to elucidate successful clinical therapies for replacing human heart, liver, cartilage, bone, and other tissues. If this becomes possible and secure, the need for organ transplants will decrease because tissue regeneration would be a reality[@b173-ijn-7-4511] ([Figure 4](#f4-ijn-7-4511){ref-type="fig"}).

Another important use of CNTs relies on its electronic property, which can be used to dictate cell differentiation. The unique structure, topology, dimensions, and other physical and chemical characteristics of CNTs make them a material that can be considered the most perfect fiber that has ever been fabricated. Scientists have also demonstrated that CNTs can be used to create powerful pressure sensors[@b174-ijn-7-4511] or long-life rechargeable batteries.[@b175-ijn-7-4511]

CNTs can also be used as drug/vaccine-delivery vehicles, but uses related to humans are still under research. Caution when handling CNTs is necessary, because cytotoxity assays can be controversial when it comes to uses in vivo.[@b90-ijn-7-4511]
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![Carbon nanotubes interacting with different cells for tissue engineering.\
**Abbreviation:** ECM, extracellular matrix.](ijn-7-4511f1){#f1-ijn-7-4511}

![Schematic organotypic spinal slices to model multilayer tissue complexity, interfaced with spinal segments to carbon nanotube scaffolds.\
**Notes:** By immunofluorescence, scanning and transmission electronic microscopy, and atomic force microscopy, nerve fiber growth when neuronal processes exit the spinal explant and develop in direct contact to the substrate was observed, indicating that spinal cord explants interfaced for weeks with purified carbon nanotube scaffolds and grew more neuronal fibers, characterized by different mechanical properties and displaying higher growth-cone activity.\
**Abbreviations:** MWNTs, multiwalled carbon nanotubes; GFAP, glial fibrillary acidic protein.](ijn-7-4511f2){#f2-ijn-7-4511}

![Representative scheme for tissue repair using stem cells.](ijn-7-4511f3){#f3-ijn-7-4511}

![Composites of carbon nanotubes and collagen can resemble extracellular matrix, leading to diverse cell response, which can be directed according to carbon nanotube functionalization. © 2009, Springer. Adapted with kind permission from Springer Science and Business Media: Silva EE, Colleta HHMD, Ferlauto AS, et al. Nanostructured 3-D collagen/nanotube biocomposites for future bone regeneration scaffolds. *Nano Res*. 2009;2:462--473.[@b52-ijn-7-4511]\
**Abbreviations:** CNTs, carbon nanotubes; ECM, extracellular matrix.](ijn-7-4511f4){#f4-ijn-7-4511}

###### 

Applications of CNTs in tissue engineering

  Cell type                                       CNT                                                                           Function                                                                                                                                                                References
  ----------------------------------------------- ----------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------
  Cells with electrical activity                  Carbon nanotube fibers                                                        Tissue engineering constructs with the capacity to provide controlled electrical stimulation                                                                            [@b175-ijn-7-4511]
  Neurons                                         SWNTs                                                                         Directly stimulate brain circuit activity                                                                                                                               [@b176-ijn-7-4511]
  Epithelial and cardiac cells                    Nanotube collagen gel                                                         Promotes the tissue-specific development of seeded cells and the growth of skin, pieces of myocardium, and cellular structures                                          [@b177-ijn-7-4511]
  Various types                                   CNTs                                                                          Allow an in vitro simulation of in vivo conditions, making it simple to study or induce in the laboratory natural cellular processes such as cellular differentiation   [@b178-ijn-7-4511]
  Osteoblast                                      MWNTs                                                                         Different osteoblast phenotype depending on 3-D structure                                                                                                               
  Osteoblast                                      CNTs                                                                          Roughness of CNT scaffolds was also found to influence the increase of osteoblastic cell differentiation and proliferation                                              [@b179-ijn-7-4511]
  Osteoblast                                      Vertically aligned TiO~2~ nanotubes                                           Accelerated osteoblast cell growth                                                                                                                                      [@b180-ijn-7-4511]
  Hippocampal neurons                             MWNTs coated with 4-hydroxynonenal on polyethylene amine-layered coverslips   Induce neurite outgrowth and cell adhesion                                                                                                                              [@b181-ijn-7-4511]
  Hippocampal neurons                             MWNTs                                                                         Synaptic activity increased                                                                                                                                             [@b182-ijn-7-4511]
  Stem cells                                      MWNTs                                                                         Osteoclast differentiation can be inhibited                                                                                                                             [@b183-ijn-7-4511]
  Human embryonic stem cells                      CNTs grafted with polyacrylic acid                                            Stem cells are favorably directed towards the neural lineage                                                                                                            [@b184-ijn-7-4511]
  Neural stem cells                               Laminin--SWNT films                                                           Conduct cell differentiation and and their successful excitation                                                                                                        [@b185-ijn-7-4511]
  Mesenchymal stem cells from adult bone marrow   Carbon nanofibers with TGF-β                                                  Generation of chondrocytes                                                                                                                                              [@b186-ijn-7-4511]

**Abbreviations:** CNTs, carbon nanotubes; SWNTs, single-walled carbon nanotubes; MWNTs, multiwalled carbon nanotubes; TGF, transforming growth factor.
